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Dual polarization interferometryMussel adhesive proteins are of great interest in many applications due to their ability to bind strongly to
many types of surfaces under water. Effective use such proteins, for instance the Mytilus edulis foot pro-
tein –Mefp-1, for surface modiﬁcation requires achievement of a large adsorbed amount and formation of
a layer that is resistant towards desorption under changing conditions. In this work we compare the
adsorbed amount and layer properties obtained by using a sample containing small Mefp-1 aggregates
with that obtained by using a non-aggregated sample. We ﬁnd that the use of the sample containing
small aggregates leads to higher adsorbed amount, larger layer thickness and similar water content com-
pared to what can be achieved with a non-aggregated sample. The layer formed by the aggregatedMefp-1
was, after removal of the protein from bulk solution, exposed to aqueous solutions with high ionic
strength (up to 1 M NaCl) and to solutions with low pH in order to reduce the electrostatic surface afﬁn-
ity. It was found that the preadsorbed Mefp-1 layer under all conditions explored was signiﬁcantly more
resistant towards desorption than a layer built by a synthetic cationic polyelectrolyte with similar charge
density. These results suggest that the non-electrostatic surface afﬁnity for Mefp-1 is larger than for the
cationic polyelectrolyte.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Polyelectrolytes readily adsorb to oppositely charged surfaces.
The main driving force for the adsorption in low ionic strength
solutions is a large entropy gain due to release of counterions to
the polyelectrolyte and the surface. This results in an adsorbed
amount that is close to that needed in order to neutralize the sur-
face charge density [1,2] as long as the steric repulsion between
the adsorbed polyelectrolyte chains is not too large. The situation
can change, however, if sufﬁcient amount of salt is present to
screen electrostatic interactions. For situations when only electro-
static forces drive the adsorption the equilibrium adsorbed amount
decreases as a function of salt concentration. However, if non-elec-
trostatic forces also are of importance the adsorbed amount goes
through a maximum as the salt concentration is increased [1].Addition of salt can also induce desorption of preadsorbed poly-
electrolyte layers, and the extent of desorption decreases with
increasing charge density of the polyelectrolyte [3]. It is also ex-
pected that an increase in the non-electrostatic afﬁnity to the sur-
face will decrease the extent of desorption due to salt addition [4].
Electrostatic interactions are also of importance for adsorption of
proteins, but since proteins contain a large number of different
segments other interactions is also expected to play a signiﬁcant
role [5]. We have recently considered adsorption of the cationic
mussel adhesive protein,Mefp-1, on an oppositely charged surface,
and found that much of the adsorption properties could be under-
stood by considering its polyelectrolyte character [6].
Mussels have attracted scientiﬁc attentions for their unusual
ability to attach themselves to different surfaces under water by
using a speciﬁc adhesive mechanism [7]. The proteins that partic-
ipate in the interactions with surfaces have been identiﬁed and
characterized. The distinguishing feature of these proteins is the
high content of dihydroxyphenylalanine (DOPA) residues, which
can form cross-links with each other [8] and to some types of sur-
faces [9]. The unusually strong adhesive and cohesive properties
are believed to be partially attributed to these groups.
The mussel adhesive protein (Mefp-1) consists of 75–85 repeat-
ing hexa- and deca-peptide units [10], Fig. 1.
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Fig. 1. Chemical structure of the decapeptide repeat unit of Mefp-1.
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the interactions with surfaces. Lin et al. have shown that Mefp-1
interacts in different ways to surfaces of different nature [11],
and the importance of hydrogen bonds [12] and electrostatic inter-
actions [6] have been demonstrated.
In the present study we used Mefp-1 as a representative of the
mussel adhesive protein family, and compared its desorption
behavior with that of a positively charged synthetic polyelectro-
lyte, AM-CMA-30. Through this comparison we shed light on the
role of non-electrostatic interactions for the binding afﬁnity of
Mefp-1 to anionic silicon oxynitride surfaces. To this end we ﬁrst
adsorbed eitherMefp-1 or AM-CMA-30, and the surfaces were then
rinsed with salt solutions of increasing ionic strength to follow
eventual desorption. Dual polarization interferometer was utilized
for the experiments.
Recently the use of Mefp-1 in corrosion protection applications
has been highlighted [13,14]. A potential issue in this and other
applications is the tendency of Mefp-1 to self-aggregate. This work
also highlights the difference in adsorption properties between
non-aggregated and partially aggregated Mefp-1.H2
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Fig. 2. Chemical structure of the two segment types AM (acrylamide) and CMA (2-
(propionyloxy)ethyltrimethylammonium chloride) found in AM-CMA-30.2. Materials and methods
2.1. Materials
Mefp-1 (purity 97%) was kindly provided by Biopolymer AB
(Gothenburg, Sweden). The stock protein solutions with concentra-
tions of either 1.2 mg mL1 or 10 mg mL1 was stored at +5 C in
1 wt% citric acid and used as received. The extraction and puriﬁca-
tion has been described in detail by Qvist [15]. Just before each
measurement an aliquot of the stock solution was added into
1 wt% citric acid buffer with pH 5.5 to give a ﬁnal protein concen-
tration of 0.01 mg mL1. This concentration was chosen to be close
to the adsorption plateau as judged by QCM measurements on sil-
ica surfaces where a frequency shift of 27 Hz was found when
adsorption was performed from a 0.01 mg/mL solution in 1 wt%
citric acid, decreasing slightly to 31 Hz when the Mefp-1 concen-
tration was increased by a factor of 10 [16]. The molecular weight
of non-aggregated Mefp-1 is around 130 kDa [10], the isoelectric
point is 10.3 [17], the amount of cationic lysine groups is around
21 mol%, and the amount of DOPA groups is about 15 mol%.
Mefp-1 also contains a large number of proline residues that coun-
teract formation of extended secondary structures, which makes
the protein ﬂexible.
AM-CMA-30 was prepared and kindly provided by the Labora-
toire de Physico-Chimie Macromoleculaire (Paris) and stored in
darkness at +5 C. It is a random co-polymer obtained by free rad-
ical polymerization of uncharged acrylamide (AM) and positively
charged {2-(propionyloxy)ethyl}trimethylammonium chloride(CMA), Fig. 2. The main chain contains 30 mol% of the charged
CMA segment, and the weight average molecular weight is
1500 kDa. Solutions of this polymer with the same concentration
as used for Mefp-1, 0.01 mg mL1, in 1 wt% citric acid buffer with
pH 5.5 or in some cases in pure water with pH 5.5–6, were pre-
pared one day prior to measurements.
Sodium chloride (NaCl, BioXtra, P99.5%) was purchased from
Sigma–Aldrich. Water was puriﬁed by employing a Milli-ROPls
unit connected to a Milli-Q plus 185 system and ﬁltered through
a 0.2 lm Millipak ﬁlter at 25 C. The resistivity of the water was
18.2 MX cm and the organic content was less than 3 ppb.
2.2. Methods
Dual polarization interferometry (DPI) was used to investigate
adsorption and desorption of Mefp-1 and AM-CMA-30 with partic-
ular emphasis on desorption due to rinsing with aqueous NaCl
solutions of different concentrations. The principle of the DPI tech-
nique has been described elsewhere [18,19]. Brieﬂy, the laser beam
is entering at one end of two waveguides glued on top of each
other with a spacer in between. The surface of the upper wave-
guide is exposed to the solution containing the adsorbing species.
The light passing through the two waveguides forms an interfer-
ence pattern in the far ﬁeld. However, when adsorption occurs
the phase of the light that passes through the measuring wave-
guide changes, which leads to a change in the interference pattern
that is recorded by a CCD camera. Since two polarizations of light
are used (transverse electric (TE) and transverse magnetic (TM))
both thickness and refractive index of the layer can be determined
independently.
The adsorbed amount (U) is then calculated by using the de Feij-
ter formula [20]:
C ¼ df ðnf  nbÞ
dn=dc
ð1Þ
where df is the layer thickness, nf is the layer refractive index, nb is
the bulk refractive index (1.333 for pure water and 1.335 for 1 wt%
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equals 0.185 mL g1 for Mefp-1 [21] and 0.13 mL g1 for AM-CMA-
30 [22], respectively.
The DPI chips were cleaned by ﬁrst immersing them for 15 min
in a 50/50 (v/v) mixture of 37% HCl and CH3OH, followed by 30 min
immersion in 2% Deconex. Next, the surfaces were thoroughly
rinsed with water and left overnight under water. Before each
experiment the response due to changes in refractive index of
the medium was calibrated as described in detail elsewhere [6].
Aggregates in the Mefp-1 solution were characterized by means
of dynamic light scattering (DLS). The measurements were done at
a scattering angle of 90 with a Brookhaven Instruments (USA)
apparatus, using a laser with the wavelength of 515 nm. The data
were analyzed with the 9KDLSW software employing the CONTIN
method. The reported hydrodynamic diameter is related to the
apparent diffusion constant by the Einstein-Stokes equation.3. Results and discussions
3.1. Dimension of Mefp-1aggregates
Before adsorption measurements the molecular dimension of
the Mefp-1 aggregates present in the stock solution with concen-
tration 10 mg mL1 was determined and compared to those from
more diluted stock solution with concentration 1.2 mg mL1 by dy-
namic light scattering.
The hydrodynamic radius, RH, distribution is shown in Fig. 3. It
was found that most aggregates have a RH value of around 20 nm,
which should be compared with the value of about 9 nm found for
the non-aggregated sample. The latter value is consistent with lit-
erature data [23]. The aggregation ofMefp-1 is suggested to be pro-
moted by high concentration in the stock solution. We note that
dilution of the aggregated sample to a concentration of
1.2 mg mL1 leads to slight swelling of the aggregates and an aver-
age hydrodynamic radius of 26 nm was found by DLS. It will be
shown that aggregation is an advantage when the aim is to achieve
a high adsorbed amount.3.2. Adsorption of Mefp-1 and AM-CMA-30
The adsorption of non-aggregated Mefp-1 on silicon oxynitride
as a function of pH has been thoroughly described in our previous
article [6]. The adsorption kinetics of the aggregatedMefp-1 used in
this experimental series was, as expected, slower (about a factor of
two) as illustrated in Fig. 4. AM-CMA-30 adsorbed somewhat
slower than the aggregated Mefp-1 sample.Fig. 3. Number average hydrodynamic radius distribution for the aggregated and
non-aggregated Mefp-1 stock solutions with concentrations of 10 and 1.2 mg mL1,
respectively. The pH was in the range 5.6–6.The initial slope of the adsorption isotherms dCdt
 
t!0 can be com-
pared to that obtained by diffusion limited adsorption as described
by the Leveque equation [24]:
dT
dt
¼ 1:47 FD
2
app
b2wL
 !1=3
C0 ð2Þ
where Dapp is the apparent diffusion constant, C0 is the protein con-
centration, F is the volumetric ﬂow rate in the rectangular cell with
thickness b = 0.1 mm, width w = 0.7 mm, and length, L = 14 mm.
The theoretically calculated adsorption rates for non-aggregated
and aggregated Mefp-1 were found to be 0.022 and 0.015 mg m2 -
s1, respectively, which are about a factor of 2 higher than the
experimental values found as reported in Table 1. This shows that
not all molecules that reach the surface adsorb, and that the prob-
ability for adsorption is similar for the non-aggregated and aggre-
gated sample. The slower adsorption of aggregated Mefp-1
compared to non-aggregated Mefp-1 is due to the slower diffusion
rate for the aggregates and thus slower transport to the surface as
described by Eq. (2). The initial adsorption rate for AM-CMA-30 is
similar when adsorption occurs from water or from 1 wt% citric
acid, see Fig. 4b, even though a slightly higher rate is observed when
1 wt% citric acid is present. We interpret this as a consequence of a
slightly more coiled conformation of the polyelectrolyte at the high-
er ionic strength (1 wt% citric acid50 mM), which is due to screen-
ing of intrachain electrostatic repulsion.
The adsorbed amount and thickness of the layer formed by par-
tially aggregated Mefp-1 were found to be higher than that obtain
with the non-aggregated protein (see Table 1). We regard this to be
a molecular weight effect and note that both adsorbed mass and
layer thickness in most cases increases with molecular weight for
typical polyelectrolytes [25,26]. Thus, when the aim is to achieve
a large adsorbed amount ofMefp-1, it is an advantage to work with
a slightly aggregated sample. The water content in the layer ob-
tained after adsorption of non-aggregated and aggregated Mefp-1
is similar as judged from the refractive index of the adsorbed layers
(see Table 1). We note that highly charged polyelectrolytes are ex-
pected to adsorb in a relatively ﬂat conformation on oppositely
charged surfaces [4] as also conﬁrmed experimentally [27]. This,
combined with the ﬂexible nature of Mefp-1, rationalizes the small
layer thickness compared to the hydrodynamic radius. However,
the adsorbed amount is higher and the layer thickness is larger
for Mefp-1 compared to AM-CMA-30. The adsorbed amount for
AM-CMA-30 is within error the same independent on weather cit-
ric acid is present or absent during the adsorption process. How-
ever, the layer thickness for AM-CMA-30 is somewhat larger and
the refractive index smaller when citric acid is present during
the adsorption event. This is suggested to be due to the decreased
electrostatic attraction to the surface that allows the polymer to
adopt a more extended conformation. It is interesting that the dif-
ference persists even after rinsing with water, and this reﬂects the
fact that adsorbed polyelectrolyte layers are prone to be trapped in
non-equilibrium states due to the many and strong surface anchor-
ing points [28]. The layer thickness obtained for AM-CMA-30 is
close to that (1.7 nm) found using surface force measurement for
a structurally similar polyelectrolyte on mica [29].
3.3. Desorption of preadsorbed Mefp-1 and AM-CMA-30 from silicon
oxynitride
In the previous section we demonstrated that formation of
small Mefp-1 aggregates prior to adsorption leads to an increased
adsorbed amount compared to adsorption of non-aggregated
Mefp-1. Some of the DOPA groups are consumed during the aggre-
gation process [9], and it is conceivable that aggregation in bulk
solution will lead to a decreased surface afﬁnity. To obtain a
Fig. 4. (A) Evolution of adsorbed amount with time. (B) The initial part of the adsorption vs. time curve obtained from 1 wt% citric acid for non-aggregated Mefp-1 (s),
aggregated Mefp-1 (d), and the cationic polyelectrolyte AM-CMA-30 from 1 wt% citric acid () and adsorbed from water (N). The protein/polyelectrolyte concentration was
0.01 mg mL1 and the pH was in the range 5.5–6.
Table 1
Characteristics of the adsorbed layers after rinsing with water.
Adsorbed amount (mg m2) Thickness (nm) Refractive index Initial adsorption rate (mg m2 s1)
Mefp-1 (non-aggregated)a 1.4 ± 0.4 2.4 ± 0.4 1.440 ± 0.015 0.013 ± 0.0003
Mefp-1 (aggregated, RH  20 nm) 2.5 ± 0.2 3.8 ± 0.1 1.453 ± 0.005 0.007 ± 0.0007
AM-CMA-30 (from water) 1.3 ± 0.1 1.3 ± 0.1 1.463 ± 0.005 0.006 ± 0.0003
AM-CMA-30 (from 1 wt% citric acid) 1.3 ± 0.1 1.7 ± 0.2 1.431 ± 0.007 0.007 ± 0.0003
a Data from Ref. [6].
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preadsorbed layers formed by partly aggregatedMefp-1 to aqueous
NaCl solutions of increasing concentration, and compared the
desorption with that observed for a synthetic cationic polyelectro-
lyte with similar charge density. After exposure to each salt solu-
tion for 6 min the surface was thoroughly rinsed with pure water
and the adsorbed amount was measured in the DPI instrument.
This procedure avoids any complications in data evaluation due
to refractive index changes in the bulk. The results are summarized
in Fig. 5, where the percentage of the layer that remained on the
surface is plotted as a function of salt concentration.
After exposing the adsorbed layer to 100 mM NaCl solution a
higher percentage of the Mefp-1 layer than of the AM-CMA-30
layer remained on the silicon oxynitride surface, 96% and 87%
respectively (see Fig. 5). Further increase in salt concentration re-
sulted in a moderate decrease of the adsorbed amount, and after
exposure to 1 M NaCl 92% and 84% of the Mefp-1 layer and AM-
CMA-30 layer remained on the surface. Thus, it is clear that some
desorption of Mefp-1 does occur at high salt concentrations, but
the degree of desorption is less than observed for a synthetic poly-
electrolyte of comparable charge density. That some desorption0 200 400 600 800 1000
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Fig. 5. Percentage of the layer retained for Mefp-1 (d) and AM-CMA-30 () on
silicon oxynitride after exposure to aqueous NaCl solutions of different concentra-
tions at pH 5.6–6. No protein/polyelectrolyte was present in solution.does occur demonstrates that at least not all Mefp-1 molecules
are chemically attached to the surface. The observation that
desorption is less for Mefp-1 than for AM-CMA-30 suggests that
non-electrostatic interactions contribute to the surface afﬁnity
more for partly aggregatedMefp-1 than for a typical synthetic poly-
electrolyte like AM-CMA-30 with comparable charge density.
By increasing the NaCl concentration the electrostatic afﬁnity
between the polyelectrolyte and the oppositely charged surface
was reduced. Another way to decrease the electrostatic afﬁnity is
to reduce the surface charge density, which can be achieved by
decreasing the pH [24]. The reduction in surface charge density
in presence of an adsorbed polyelectrolyte layer is, however, less
dramatic than in the absence of the polyelectrolyte due to the
interactions between positively charged polyelectrolyte segments
and deprotonized silanol groups [30,31]. Nevertheless, a decrease
in pH will lower the surface afﬁnity and is expected to induce some
desorption.
The preadsorbed layers of Mefp-1 and AM-CMA-30, which pre-
viously had been exposed to 1 M NaCl solution, were then placed in
contact with a 1wt% citric acid solution of pH 2.2. This resulted in
very limited additional desorption of Mefp-1, from 92% to 90%. In
contrast, signiﬁcantly more desorption was noted for AM-CMA-
30 where the percentage of the layer remaining on the surface de-
creased from 84% to 73%. This result further supports the view that
the non-electrostatic afﬁnity to silicon oxynitride for partly aggre-
gated Mefp-1 is larger than for AM-CMA-30.
We conclude that even though electrostatic interactions are
important for Mefp-1 adsorption [6], there are also non-electro-
static interactions that contribute to the binding strength to a sili-
con oxynitride surface. These data do not provide any chemical
information on the nature of these interactions, but it is tempting
to suggest that the DOPA groups make a signiﬁcant contribution as
previously discussed [32].4. Conclusions
We have shown that Mefp-1 present as small aggregates ad-
sorbs in larger quantities to oppositely charged silicon oxynitride
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thicker layer, but the water content in the layer is similar in the
two cases as judged from the layer refractive index. Thus, in appli-
cations where a large adsorbed amount is required it is an advan-
tage to work with a Mefp-1 sample consisting of small aggregates.
The desorption of Mefp-1 due to salt addition that screens electro-
static interactions was investigated by exposing preadsorbed lay-
ers to aqueous NaCl solutions with different concentrations, and
to solutions of low pH. It was found that the Mefp-1 layer was sig-
niﬁcantly more resistant towards desorption than a layer formed
by a cationic polyelectrolyte with comparable charge density. This
suggests that the non-electrostatic surface afﬁnity is larger for
partly aggregated Mefp-1 than for the synthetic polyelectrolyte.
Thus, our data implies that the use of aggregatedMefp-1 for surface
modiﬁcation can achieve both a large adsorbed amount and a layer
with high resistance towards desorption due to changes in ionic
strength and pH. These results suggest that such samples may have
the potential to perform even better than non-aggregated Mefp-1
in e.g. thin ﬁlm applications for corrosion protection [13,14].
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